A comparative study was carried out on cytokine and chemokine responses in a cerebral malaria (CM)-susceptible or -resistant strain of mice (C57BL/6 or BALB/c respectively) in Plasmodium berghei ANKA infection. C57BL/6 mice died by 10 days after infection when parasitemia was 15±20% with cerebral symptoms, while BALB/c mice survived until week 3 after infection. Although both strains showed T h 1-skewed responses on day 4 after infection, signi®cantly higher levels of IFN-g, tumor necrosis factor (TNF)-a and NO were observed during the course of the infection in BALB/c, suggesting that T h 1 responses are involved in the resistance. Interestingly, in the brain, both strains expressed IFN-inducible protein of 10 kDa (IP-10) and monocyte chemotactic protein (MCP)-1 genes as early as at 24 h post-infection, whereas some differences were observed between both strains thereafter, i.e. enhanced expression of RANTES in C57BL/6, and of IFN-g and TNF-a in BALB/c respectively. Moreover, the expression of IP-10 and MCP-1 genes in KT-5, an astrocyte cell line, was induced in vitro upon stimulation with a crude antigen of malaria parasites. These results suggest that the direct involvement of brain parenchymal cells takes place in response to plasmodial infection, providing a new aspect to analyze possible mechanisms of CM. This is the ®rst report on the chemokine expression in neuroglial cells in response to malaria infection.
Introduction
Cerebral malaria (CM) is a serious and frequently fatal complication of Plasmodium falciparum infection. However, the pathophysiology of CM is not fully understood. Because of the dif®culty in following up human cases with CM and the limited possibility to examine its pathological process, laboratory models are important to elucidate the immunological mechanisms involved in CM and the way of alleviating this serious condition. P. berghei ANKA infection causes CM in susceptible strains of mice such as C57BL/6 and CBA/Ca, while the BALB/c or DBA/2J strain serves as a model for CM-resistant mice (1±3). The observation that P. berghei ANKA-infected red blood cells (RBC) lack the capability of adhering to microvascular endothelial cells has raised doubts about the relevance of this model for P. falciparum CM. Nevertheless, this model could mirror certain facets of human CM (4) and it is still useful to advance our knowledge about this disease. Histopathological examinations of experimental CM brains showed sequestration of monocytes in cerebral microvessels (2,5±7), perivascular in®ltration of mononuclear cells (2) , destruction of the microvasculature (6) , activation of microglial cells (5, 6, 8) and redistribution of activated microglia towards vessels (6) . These ®ndings prompted us to examine the possible involvement of chemokines in P. berghei ANKA infection.
Chemokines are known to play important roles in protozoan parasite infections by affecting interactions between parasites and their host cells, as well as by in¯uencing immune systems, thereby further inducing in¯ammatory diseases (9) . The brain expresses chemokines under various conditions including parasitic infections (10, 11) . Toxoplasma gondii encephalitis was accompanied by the expression of IFN-inducible protein of 10 kDa (IP-10) and monokine induced by IFN-g (MIG) expression in the brain, while P. yoelli infection, a murine model of malaria without cerebral complications, was not (10) . Apart from this non-CM mouse model, chemokine expression in the brain of CM models has never been studied. To clarify whether chemokine expression was related to CM, the present study was designed to examine the expression of IP-10 (a CXC chemokine), RANTES, macrophage-derived chemokine (MDC) and monocyte chemotactic protein-1 (MCP-1) (CC chemokines) in the spleen, liver and brain of CM-resistant and -sensitive strains of mice infected with P. berghei ANKA. The expression of IFN-g, TNF-a and IL-4 in the same organs from both strains was also examined to estimate the systemic production of in¯ammatory cytokines, and to study their relationship to CM in our model. Furthermore, an astrocyte cell line was used to examine the capability of malaria antigens to induce cytokine and chemokine expression in the brain cells per se.
Methods

Animals, parasite and infection
Female C57BL/6 and BALB/c mice (8±10 weeks old) were purchased from CLEA Japan (Tokyo, Japan). The mice were maintained in the animal facility of the Institute of Medical Science and supplied with food and water ad libitum. Mice were infected i.v. with 10 4 parasitized RBC obtained from a homologous passage mouse that had been infected with P. berghei ANKA. Control mice were injected i.v. with the same volume of sterile normal saline. For monitoring, a Giemsastained thin smear was made daily from tail blood of each mouse.
Preparation of parasite antigen
Infected BALB/c mice were monitored until parasitemia exceeded 50%. Blood was collected by heart puncture and heparinized blood was pooled from three to ®ve mice at once. Separation of parasitized RBC was performed using 60% Percoll (Pharmacia, Uppsala, Sweden). RBC recovered from the interphase contained 100% parasitized RBC as con®rmed by Giemsa staining. After washing, the number of parasitized RBC was adjusted to 10 8 /ml with sterile PBS. This preparation was freeze±thawed 4 times, sonicated and ®ltered with a 0.22-mm Millex GV ®lter (Millipore, Bedford, MA), and then used as a crude parasite antigen after determination of protein concentrations. A control antigen was prepared from normal RBC obtained from uninfected BALB/c mice. A heat-treated antigen was provided by boiling aliquots of the crude antigen for 5 min. A proteinase K-digested crude antigen was prepared by incubation of the antigen containing 5 mg protein with 100 mg of proteinase K (Boehringer Mannheim, Mannheim, Germany) overnight at 37°C. After incubation, proteinase K was inactivated by boiling for 5 min.
Spleen cell preparation and culture condition
Individual spleens were obtained from mice sacri®ced on days 2, 4, 6, 7 and 8 after infection, and also from uninfected control mice. Three to four mice of each group were provided for each examination time. A suspension of 4 Q 10 6 sieved splenocytes was cultured at 37°C and 5% CO 2 in¯at-bottomed 24-well culture plates (Falcon, Lincoln Park, NJ). For stimulation, 100 ml of a crude antigen (2.5 mg/ml) equivalent to 10 7 parasitized RBC was added to the cell suspension. This concentration of the antigen gave the optimal stimulation for cytokine production based on preliminary experiments. Culture medium was RPMI 1640 supplemented with 20 mM HEPES, 2 mM L-glutamine, 0.05 mM mercaptoethanol (Gibco/BRL, Grand Island, NY), 100 U/ml penicillin G, 100 mg/ml streptomycin and 10% FCS (Sigma, St Louis, MO). The total volume of the culturē uid was adjusted to 1.5 ml. Supernatant was collected 48 h after the start of culture and stored at ±40°C.
Measurement of cytokines and NO
Concentrations of TNF-a, IFN-g and IL-4 in spleen cell culture supernatants were measured by ELISA kits (Genzyme, Cambridge, MA) according to the manufacturer's instructions. NO concentration was determined by using Griess reagents as previously described (12) .
Astrocyte culture
A murine astrocyte cell line, KT-5, was obtained from the Institute for Fermentation (Osaka, Japan). This cell line was maintained in Ham's F12 culture media (Sigma) supplemented with 0.4 mM HEPES, 100 U/ml penicillin G, 100 mg/ml streptomycin and 10% FCS. Cells were plated at a density of 0.5 Q 10 6 /ml in 20 ml culture medium. Forty-eight hours after incubation, a con¯uent monolayer was formed. After adding 10 ml fresh medium to the layer, a crude parasite antigen or an extract of normal RBC lysate was added into the culture and the cells were incubated for 6 h at 37°C in 5% CO 2 until mRNA extraction. To neutralize the effect of lipopolysaccharide (LPS) contamination, 20 mg/ml Polymyxin B (Sigma) was used in the culture stimulated with the antigens. For positive control, LPS (Sigma) was used for stimulation at a concentration of 1 or 10 mg/ml.
RT-PCR
To examine the expression of cytokines and chemokines in the brain, spleen and liver of susceptible and resistant strains, mice were sacri®ced at 24 h, and 4, 6 and 8 days after infection with P. berghei ANKA, and the organs were immediately frozen in liquid nitrogen and kept at ±70°C. The corresponding organs were also obtained from control mice of both strains injected with sterile saline. mRNA expression in these organs was detected by RT-PCR. Total RNA was extracted from the respective organs and astrocytes by RNAzol B (Tel-Test, Friendswood, TX) according to the manufacturer's instructions. Reverse transcription of total RNA was performed in a 20 ml mixture containing 1 Q First Strand buffer (50 mM Tris±HCl, pH 8.3, 75 mM KCl and 3 mM MgCl 2 ) (BRL, Gaithersburg, MD), 1.25 mM dNTP (BRL), 4 mM random hexamer (BRL), 2.5 mM DTT (BRL), 1 U/ml human pancreas RNase inhibitor (Takara, Ohtsu, Shiga, Japan), 200 U MMLV reverse transcriptase (BRL) and 4.5 mg total RNA template. The mixture was incubated at 37°C for 1 h, heated to 94°C for 10 min and cooled on ice for 3 min. The volume of cDNA solution was adjusted to 45 ml by adding 25 ml of ultrapure water. PCR was performed in a mixture containing 1 Q PCR buffer (20 mM Tris±HCl, pH 8.4, 50 mM KCl) (BRL), 1.0 mM MgCl 2 , 0.2 mM dNTP, 0.2 mM sense and antisense primers, 2.5 U Taq polymerase (BRL), and 1 ml cDNA template (80 mM). PCR ampli®cation was performed by a Gene Amp PCR system 9700 (Perkin Elmer, Norwalk, CA). Thirty cycles of ampli®cations were run under conditions of denaturation at 94°C for 1 min, annealing at 60°C for 1 min and elongation at 72°C for 2 min. PCR products were electrophoresed on 2% agarose gel and stained by ethidium bromide. Photographs were taken by a FAS-III (Toyobo, Osaka, Japan) with an electric UV transilluminator (Ultralum, Paramount, CA). Oligonucleotide primers used for PCR ampli®cation are listed in Table 1 .
Statistical analysis
Parasitemia and cytokine concentrations were presented as geometric means and statistical analysis was performed using Student's t-test. P < 0.05 was considered statistically signi®-cant.
Results
Parasitemia and survival rates C57BL/6 mice died between 8 and 10 days after infection when parasitemia was~15±20% with cerebral symptoms such as convulsion, paralysis and coma, while BALB/c mice survived until weeks 3±4 after infection, and died of anemia and overwhelming parasitemia (~80%) (Fig. 1A and B) .
Cytokine and NO production of spleen cells
Neither C57BL/6 nor BALB/c strains produced any signi®cant amount of IL-4 at any time point after infection. However, IFN-g was detected from 4 days after infection in both strains. On day 4, C57BL/6 produced a signi®cantly higher amount of IFN-g compared to BALB/c (P < 0.005). However, IFN-g production in the former remained in a constant level, while in the latter it tended to increase, and on day 8 BALB/c produced a higher concentration of IFN-g compared to C57BL/6 (P < 0.05) ( Fig. 2A) . TNF-a was produced at a detectable level in all samples from C57BL/6 at 4 days after infection, although on days 6 and 7 post-infection only half of the samples produced detectable levels of TNF-a, whereas the BALB/c strain produced a signi®cantly higher level of TNF-a in later stages of the infection (Fig. 2B) . NO concentration in culture supernatant of BALB/c spleen cells was detectable on day 2 post-infection and constantly increased until day 8 postinfection. In C57BL/6, NO was detected ®rst on day 4, but decreased on day 6, although on subsequent days the concentration rose again. During the course of the infection, NO production in BALB/c mice was signi®cantly higher than that in C57BL/6 (P < 0.05) (Fig. 2C) . These results suggested that macrophage activation was higher in the CM-resistant strain compared to the CM-sensitive strain.
Cytokine and chemokine expression IL-4 was not expressed in all organs examined at any point of time after infection (Fig. 3) . The pattern of TNF-a expression in the spleen of both strains was almost similar, although a higher up-regulation was observed in BALB/c mice 24 h after infection compared to C57BL/6 (Fig. 3A) . TNF-a expression was up-regulated 24 h after infection only in the C57BL/6 liver (Fig. 3B) . In the brain, a strong signal of TNF-a expression was observed in BALB/c on day 6 post-infection, while in C57BL/6 a faint signal was barely observed in late stages of infection (Fig. 3C) . IFN-g was expressed in the spleen on days 6 and 8 post-infection more strongly in BALB/c mice compared to C57BL/6 (Fig. 3A) .
Meanwhile, IP-10 and RANTES expression was not upregulated after infection in the spleens from C57BL/6 and BALB/c mice (Fig. 3A) , but the expression of these chemokines was up-regulated in the livers and brains of both strains ( Fig. 3B and C) . In the brain, IP-10 expression was upregulated as early as at 24 h post-infection in both strains, while RANTES expression was enhanced on day 8 in C57BL/6 mice (Fig. 3C) . MCP-1 expression was also up-regulated in all organs of both strains of mice, except in the liver of BALB/c, at 24 h post-infection and its expression was enhanced in later stages of infection, especially in the spleen of BALB/c compared to C57BL/6 mice (Fig. 3A) .
Cytokine and chemokine expression by an astrocyte cell line
To examine whether malaria antigens were capable of inducing cytokine and chemokine expression in astrocytes, a murine astrocyte cell line derived from C3H/HeJ strain (KT-5) was used. After 6 h stimulation with a crude malaria antigen, TNF-a and RANTES expression could be detected in KT-5, and IP-10 and MCP-1 expression was signi®cantly upregulated (Fig. 4) . On the other hand, antigens obtained from normal RBC did not induce any detectable level of cytokine and chemokine expression in astrocytes. Moreover, heat treatment of the parasite crude antigen abolished TNF-a and RANTES stimulation, although IP-10 and MCP-1 expression was still induced. Digestion of the antigen with proteinase K completely abolished its ability to induce the expression of these genes (Fig. 4) . These results suggested that the malaria parasite antigen causing the cytokine and chemokine expression in astrocytes is protein in nature. Since the C3H/HeJ strain is insensitive to LPS (13), a high concentration of LPS (10 mg/ml) was used to exclude the possibility that the induction of cytokine and chemokine gene expression was the result of LPS contamination. At such a high concentration of LPS, almost a similar level of induction of TNF-a and RANTES expression was observed as in crude antigenstimulated astrocytes, while enhanced expression of IP-10 and MCP-1 was induced by stimulation with the malaria parasite antigen (Fig. 4) .
Discussion
In the present study, it was observed that signi®cantly higher levels of IFN-g, TNF-a and NO were produced at day 8 postinfection in a CM-resistant BALB/c strain of mice, that survived until week 3 after infection with a higher parasitemia (up to 80%), while CM-susceptible C57BL/6 mice showed cerebral symptoms and died within 10 days after infection when parasitemia was~15±20% (Figs 1 and 2) . These results suggest that T h 1 responses are involved in protection against infection. This is consistent with a recent report indicating that IL-18 plays a protective role in murine malaria by inducing IFN-g production (14) .
Interestingly, P. berghei ANKA infection could induce the expression of chemokine genes in the brain as well as in the liver and spleen of both CM-resistant and -susceptible mice as early as 24 h post-infection (Fig. 3) . These ®ndings suggested that chemokine expression is induced as an innate immune response, prior to involvement of T cells or B cells. Moreover, although the cellular source of mRNA expression in the central nervous system has to be yet determined, the present study was able to demonstrate that malaria parasite antigens may induce chemokine and cytokine expression in astrocytes, and that the antigen is protein in nature (Fig. 4) . Astrocytes are known to produce chemokines in response to LPS, viral infection, injury, b-amyloid and pro-in¯ammatory or immunoregulatory cytokines (15±18). Meanwhile, it has been shown that malaria antigens could induce macrophages to produce TNF-a in vitro (19) . The common TNF-inducing determinant in exoantigen preparations from various Plasmodium species was originally classi®ed as a phospholipid moiety (20) and later was characterized as a glycosylated phosphatidylinositol-like molecule (21±23). It has been demonstrated that protein digestion does not alter the ability of the antigens to induce TNF-a expression (19, 23, 24) . In our hands, however, digestion of the malaria parasite antigen with proteinase K completely abolished its ability to induce cytokine and chemokine gene expression in astrocytes (Fig. 4) , suggesting that the antigen responsible for the induction may be different from the`malaria toxins' previously described.
Expression of chemokines in P. berghei ANKA infection was not followed by leukocyte in®ltration and the in®ltration is not a striking feature in murine CM. Since it has been shown that there is redistribution of microglial cells to the perivascular area in the brain in murine cerebral malaria (6), it seems likely that chemokines are involved in the microglial cell responses instead of leukocyte in®ltration into the brain parenchyma. It is also interesting to speculate about the pathological process that may follow the expression of chemokines and cytokines in the brain parenchymal cells resulting in the involvement of neurons, so as to eventually display clinical symptoms. 
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The early induction of chemokine expression was also observed in the spleen of both strains of mice, which is consistent with a recent observation that peritoneal exudate neutrophils express mRNA for MIG, MIP-1a and IP-10 in CBA mice 24 h after infection with P. berghei ANKA (25) . It is also possible that malaria antigens could induce macrophages in the spleen to express chemokines. The molecules that could induce these early responses still need to be elucidated.
One clear difference between both strains is that in BALB/c liver there was no up-regulation of RANTES and MCP-1 mRNA expression 24 h after infection, while the liver of C57BL/6 showed up-regulation of these chemokines, which might lead to death through a yet unknown process. Since P. berghei ANKA infection also causes liver damage (2, 26) , it is possible that the pathologic process in the liver may contribute to the cerebral symptoms. In human cases with P. falciparum malaria, hepatic dysfunction is usually associated with severe malaria, and a failure of gluconeogenesis contributes to lactic acidosis and hypoglycemia (27) . Severe hypoglycemia has been described in CBA/CA mice infected with P. vinkei vinkei, but not with P. berghei ANKA (28) , although the latter species could induce hypoglycemia in young adult Wistar rats (29) . Therefore, further studies are needed on metabolic changes related to liver pathology and CM in P. berghei infection in various strains of mice.
The present study also showed that the CM-resistant strain of mice displayed a higher level of macrophage activation as shown by TNF-a and NO production by spleen cell culture stimulated with the parasite antigen. IFN-g production and expression from the CM-resistant strain was higher during the course of the infection compared to the susceptible strain. Moreover, strong TNF-a expression in addition to enhanced IFN-g expression was observed in the brain of BALB/c mice, but not in that of C57BL/6. It has been reported that TNF-a may induce brain endothelial cells to express ICAM-1 (30) and that increased expression of ICAM-1 may be observed in brain vessels in CM in humans (31) . The interaction between various host receptor molecules including ICAM-1 and P. falciparum erythrocyte membrane protein 1 (PfEMP1), which is one of the parasite-derived proteins expressed in knob-like protrusions formed on the surface of infected RBC, seems to be most critical in the sequestration (31,32), i.e. the disappearance of RBC containing mature forms of asexual stage parasites from the circulation, and the sequestration is thought to be related to CM (33) . However, it is possible that the sequestration in the brain may represent the ®nal outcome of CM, but not of its onset, even though it is observed at autopsy. Indeed, the sequestration does not necessarily cause pathogenesis, since most cases with P. falciparum infection result in uncomplicated malaria and the cause of severe malaria such as CM is as yet unclear (32) . Moreover, pro-in¯ammatory cytokines such as IFN-g and TNF-a may mediate protection, as elevated levels of IFN-g in serum have been demonstrated to correlate with protective immunity to P. falciparum malaria (34) , but also they may be alternatively involved in disease severity (35) . We have also demonstrated that elevated levels of IFN-g and IL-18 are observed particularly in patients with severe malaria or CM (36) . Thus, disease severity may result from the complexity of many parasite, host, geographic and social factors' (32) .
In P. berghei-murine models for CM, however, the sequestration of parasitized RBC could not be observed, except in young (BALB/c Q C57BL/6)F 1 mice that develop typical neurological symptoms 7±8 days after infection in association with sequestration of parasitized RBC (37) . Instead, the obstruction of microvessels by accumulated monocytes, but not by parasitized RBC, has been demonstrated in association with disseminated hemorrhages in CM-susceptible mice, whereas this was not observed in BALB/c and DBA/2J mice that were found to be refractory to CM with P. berghei ANKA (3). In the murine models, therefore, pro-in¯ammatory cytokines such as IFN-g and TNF-a seem to play an important role in protective immunity rather than in promoting CM by upregulating expression of some adhesion molecules such as ICAM-1. Moreover, up-regulated expression of RANTES, one of the chemokines that may be involved in the adhesion and metastatic potential of an adherent T lymphoma cell line expressing the b 2 integrin CD11b/CD18 (38) , was also found in late stages of the infection in the brain of C57BL/6, but not of BALB/c. Since T h 2 lymphocytes are known to express CCR3 and respond through this receptor to several chemokines including RANTES, it is possible that these cells may be attracted to local sites, thereby indirectly regulating T h 1 responses through IL-10 (39). Further studies will be needed to clarify the role of chemokines in determining the process of T h 1 and T h 2 differentiation in the brain, and also in affecting the pathogenesis of P. berghei-induced CM.
